The results of our investigations on residual stresses in commercially produced forged IN 718 compressor discs are reviewed. The residual stresses in the discs with a diameter of 320 mm and a thickness of up to 25 mm were studied using neutron diffraction to verify the predictions of a finite element simulation, which was used to model forging and cooling of the discs. In addition to the disc, a thin plate of the same material was also studied for testing the influence of specimen geometry on the model predictions. While the model results for the disc were not strongly influenced by the heat transfer coefficient, the stress distributions in the thin plate could only be predicted satisfactorily by using a temperature-dependent heat transfer coefficient that was derived from temperature measurements during quenching. Eventually, this led to an improvement of the FE simulation used for optimizing the production process.
Introduction
The results of our investigations on residual stresses (RS) in commercially produced forged compressor discs are reviewed [1] [2] [3] [4] [5] [6] . The unique combination of high-temperature strength and high fatigue strength makes nickel-based superalloys suitable for turbine components [7, 8] . For further improvement of the high-temperature strength, a special thermo-mechanical processing route has been developed for the Inconel alloy 718 (IN 718) for use in turbine discs of aero engines. Contrary to the conventional heat treatment, where forging is followed by slow air cooling [9] , the 'direct age process' requires water quenching directly after forging (Fig. 1) [10, 11] . A large number of dislocations are frozen during quenching, acting as potential nucleation sites for the strengthening precipitates that are formed in the subsequent annealing treatment. These precipitates are fine semicoherent γ"-Ni 3 (Nb, Ti) and coherent γ'-Ni 3 (Al, Ti) particles.
However, water quenching leads to much higher RS than standard air cooling. Therefore, problems due to distortion arise during the machining of a disc to its final shape when the RS were not completely relieved during the final heat treatment. In the worst case the final geometry of the component cannot be machined out of the forging. Thus, the knowledge about RS in the disc is especially important with respect to distortion caused by material removal during machining. If the RS state within the disc is known prior to turning, the process can be adjusted in order to reduce distortion considerably.
A finite element (FE) model that was used for the simulation of the forging process was also used for the simulation of the water quenching step. The RS predictions of the FE simulation were checked against experimentally determined RS values in a disc that was taken out of the commercial production after forging and water quenching. Due to the relatively large dimensions of the part (Ø A thin plate (6 mm in thickness) of the same material was also examined. Much less beam time was required for strain measurements in the thin plate due to less absorption. The thin plate allowed testing the influence of geometry on RS modeling.
The heat transfer rate h(T) is a crucial input parameter for the simulation. While the simulation produced a good residual stress prediction for the disc using a constant h, the results were poor for the thin plate. Therefore, a temperature-dependent heat transfer coefficient has been estimated from temperature measurements in a disc during water quenching. The use of a temperature dependent h(T) for the thin plate leads to a significant improvement of the simulation. [12] . The main strengthening phase is γ", which can also be present in its thermodynamically stable form, referred to as δ phase, having the same nominal composition as γ". Unlike γ" particles, the δ phase is not completely dissolved at the forging temperature. However, a quantitative phase analysis performed on SEM images of the as-quenched condition revealed only a small volume fraction of the δ phase between 3% and 4%. Therefore, the material can be considered as a single phase and thus, strains determined from the matrix reflections are regarded as representative for the whole sample.
The studied discs had a diameter of 320 mm and a thickness varying from 15 to 25 mm. They were taken from the standard production at Böhler Schmiedetechnik GmbH & Co KG, Austria, after a two-step closed-die forging process on a screw press followed by water quenching. The large deformation together with forging below the δ-phase solvus temperature leads to a homogeneous microstructure with a mean grain size of 5 µm [10] . In addition, a thin plate with the size 6×50×100 mm 3 was cut from a disc. It was subjected to an additional heat treatment at the forging temperature and subsequently quenched in water. Both geometries are shown in Fig. 2 .
Temperature measurements. The temperature was recorded during water quenching for the plate as well as for the disc. Coated K-type thermocouples (NiCr-Ni) with a diameter of 1.5 mm were used to ensure a reaction time of < 1 s. The thermocouples were mechanically fixed in blind holes with the tip close to the opposite surface of the part [4] . The distance between the tip of the thermocouple and the surface was 1 mm in the plate and 3 mm in the disc. As a consequence, the recorded temperature is not identical with the surface temperature. Therefore, the influence of heat conduction from the surface to the thermocouple has to be taken into account. Disc and plate were heated up to the forging temperature in a laboratory furnace and subsequently quenched in 20 °C cold water. In order to minimize the amount of bubbles formed due to the Leidenfrost effect, the discs were submerged in an upright position [3] . Neutron diffraction. Strain measurements [13] were performed with the neutron diffractometer ARES at the GKSS Research Centre in Geesthacht, Germany, using a constant wavelength of λ = 0.164 nm [14] . The (311) reflection was used for the measurement because it is recommended for the evaluation of macro-stresses in materials with fcc crystal lattices. The shifts ∆(2θ) of the Bragg peaks were determined using an area detector with an active area of 300×300 mm 2 . The used coordinate systems and the locations of the scan lines are indicated in Fig. 2 . A matchstick-like gauge volume with a cross section of 2×2 mm 2 was chosen in order to increase intensity; its length was 30 mm for measurements of axial and radial strains and 10-15 mm mm for tangential strains. It is thus assumed that the stresses are constant in the hoop direction over the length of the gauge volume [15] .
For the discs, the value for the unstrained lattice parameter d 0 was determined by measuring small cubes (with 4-5 mm edge length) using cubic gauge volumes with 2-3 mm edge length. The cubes were cut out of the discs by electro-discharge machining. Due to the small size of the cubes they were considered to be free of macro-stresses [16] . The diffraction elastic constants (DEC) E hkl = 195 GPa and ν hkl = 0.31 for the (311) reflection were used for evaluating RS [6] .
For the plate, the stress differences σ x -σ z and σ y -σ z were analyzed for which d 0 is not required and cutting of a reference sample can be avoided. A cubic gauge volume with an edge length of 3 mm was used. 
Finite element modeling
For the optimization of the forging process of the investigated turbine discs the FE code DEFORM2D™ was used, which is a special code for hot massive deformation. It was also used for modeling the water-quenching step and for predicting RS. An axi-symmetric stress state was assumed due to the symmetry of the disc and consequently a two-dimensional axi-symmetric model was established. The whole surface of the disc is represented by the contour nodes of the cross section, where the boundary conditions for water-quenching were applied. The FE mesh consisted of 10000 almost rectangular elements.
The material input data, e.g. thermal conductivity, thermal expansion, and heat capacity, were taken from literature [e.g. 17, 18] . The temperature and strain rate dependent flow stress behavior was determined experimentally as the required data were not available in literature for the investigated material. Data for small strain rates are needed for the elasto-plastic regime to describe the cooling step, while large strain rates are involved during forging (plastic regime). Young's modulus and Poisson's ratio were determined dynamically (ultrasonic pulse-echo overlap measurements [19] ).
The heat transfer coefficient h(T) cannot be measured directly; therefore, it was deduced from the temperature measurements during water quenching (Fig. 3) . The result is the temperature-dependent heat transfer coefficient h(T) shown in Fig. 4 ; the details can be found in [3] .
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Results and discussion
RS in the disc after water-quenching predicted by the FE model in radial and tangential directions are very similar, except at the outer rim of the disc, and through-thickness (axial) stresses are close to zero (Fig. 5) . The predictions of the FE model fit well to the measured stresses (Fig. 6 ). Repeated measurements along three different radii 120° apart from each other showed a rotational symmetry of the stress state. Originally, the model was used with a constant heat transfer coefficient h = 4000 Wm -2 K -1 [2] , which is based on data for water as reported in literature [20] . However, satisfying results could not be achieved for thin plate using a constant h. The agreement was very poor between measured and calculated stresses for h = 4000 Wm -2 K -1 (Fig. 7) . The simulation gives flat stress distributions while measured stresses vary significantly over the length of the plate. Also a variation of the value of h did not improve the predictions. A systematic variation of various input parameters of the simulation revealed that a more detailed knowledge of the heat transfer coefficient h as a function of temperature is required for improving the model in case of the thin plate [21] . The smaller thickness, leading to a faster cooling of the plate, seems to be responsible for a stronger influence of the exact function of h(T) on the predicted stress distribution. With h(T) estimated from the temperature measurements, the FE results could be significantly improved (Fig. 7) . Nevertheless, the details need still further improvement. It must be noted that discrepancies between simulation and measurement can partly be due to a resolution effect: While the measurement gauge volume in the plate had a size of approximately 3×3×3 mm 3 , the calculated data were not yet be integrated over a corresponding volume. However, this influence is considered to be relatively small and therefore will not lead to major changes in the presented results.
The influence of h(T) on the RS predictions for the disc seems to be rather small (Fig. 6 ). This means that good RS predictions are already obtained with constant h. However, the influence of the specimen geometry on the RS predictions still has to be investigated in more detail.
Summary
The residual stress distributions in a water-quenched IN 718 compressor disc and a thin waterquenched plate of the same material were studied using FE modeling and neutron diffraction. The results showed that using a constant heat transfer coefficient already gives a good overall description of the residual stress state in the relatively thick disc after water quenching. However, a temperature-dependent heat transfer coefficient was required for a satisfying prediction of residual stresses in the relatively thin plate. Using a realistic heat transfer coefficient the influence of the different processing steps on the resulting stress state in industrial components can be predicted with good accuracy, thus allowing an optimization of subsequent treatments such as turning to final shape.
